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) Introduction B %.

Electrical and optical properties of impurity centers in cemiconductors
such as energy level scheme, thermal and- optical-cross sections, and thermal
emission rates have been measured and studied using the steady state and
transient pho*2conductivity measurements, ~infrared ‘absorpticn;,~Hall'effect
and conductivity over a wide range of temperatures,’ thermally stimulated
conductivity and dther methods.!! These measurements are performed on uniferm
sample near .thermal equilibrium where: both ‘émission -and ‘capture-of electrons
and holes at the center proceed at comparable rates. The nonlinearity and
the carrier concentration deperdences of the capture processes result in
complex photoconductivity decay and large uncertainty in the cross section
data. In this paper, several measurement techniques of: theserthermal ‘end-éptical

parameters using reverse biased p-n junctions are discussed which have simple  ~:.3

. exponential decays: since the capture rates are negligible. Detailed measurements

have been made on the gold acceptor and donor centers lp silicon, ~ -

11, Thermal Emission Rates from Dark Junction Current and Cepacitance Transients
fhe thermal emission rates of electrons and holes, 0; and e;. from the

impurity centers are ocbtained by either the dark junction capacitance or current

transient or the photocurrent transient under Square wave illumination.discussed in IV,
The dark capacitance transient experiments wpre performed by recording the

high-frequency small-sipnal capacitance of a P¢N (p-side very heavily doped corpared

with n-side which has a- spatially uniform impurity concentration of NI) or N¢P
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diode after the junction'voltage is switched from 0 to a large rrverse bias 'VR'
The capacitance rise vith'tine'after~a*itch;ng'comeonfron theremir. _ou .0f the

electrons at:the.impurity conters’ in-the dépletion-region-whichwere trapped

when VR=0. This is given by

c(e) = aN (t).zxzx €, (Vi#V,) (1)

where K is the static dielectric constant of the semiconductor, < =8,.85x10 N
Plcm ’ V is the junction barrier height-at zero bias.:V‘ 1: thetmagnitude.of the
"reverse bias, and A is the junction area.

The net ionized impurity concentration contains both the fixed shallow
level donor of the n-type side and the trappéd"eleétroniratctho'deep:icvolafﬁrctcs-
-dmpurity. centers whose properties ;re to be dotorminedtxlror a PeN junction.-

these are given by

No(t) = N ¢+ p.(¢t) donor-1ike center
$ L a (2)

* N - nT(t) acceptor-1ike center

For N+P junction, the sign of the time dependent terms are chanzcd. The trapped

hole, pT(t). and electron, nr(t). concentrations are given by the solution of

the linear kinetic equation dnrldt'(e )"T o7 Vhere N Tr°NtPy is the tota)
deep level impurity concentration. The initia) and final conditions are

nT(O) TT[N /(N 0n1)] . ‘ (3)

' 2 N (P+N junction) (3A)

®0 (N+P Junction) , (3B)
and
t,, t, ¢t
Np(®) = N.n.[ep/(onfop)l . (s)

The soluticn for the trapped electron concentration is then

Rp(t) & ng(=) ¢ [ny(0) = myCm)lemp(-t/t) . (s)

t .t
vhere to"'.ll(onﬂp).
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Thus, a measurement of the time constant gives tirectly the sum of the emission
rates, Additional data of C (o) and C (-) and ND from control samplo would give
TT [from C (O) and N for 2 P+N junction]) and the ratio e /op 80 that e: and

o; can be individually determined,
The capacitance method is limited by the instrument response and is
particularly useful at low temperatures vhere the thermal emission rates are -

long. Typical experimontal data of a gold doped silicon P+N diode is shown in

- Fige. 1 (a) and (b) indicating the expected behavior and the true exponential

response,

Tor hizhor.temperatures when the junction current is sufficiently high,
the emission rates can be doteéminqd from the waveform* of the dark junction
current transient during ¢ .~ gwitching from 0 to a large reverse bdias -VR.

The junction current contains tWo component during the transient phase after

switheing from 0 to -VR: the ccndaction and the displacemcut currents. These

_are given by
' .
1_(t) A1; Aen/dtydn = qofn (eIt npece) (6)
and DL .
W
1(t) = A[ Adny/at)(x/M)ax = (ah/2)(dnssae () )
L ‘

where W is the width of the transition region, walzx c (v +VR)/qN (t),

ﬂ'(dn/dt)rf~c:nT {8 the electron emission rate from the center, dnT/dt and Ny &re

given by (5). The two current components are evaluated at xsW, The total ,

Junction current is then

1t) = (qA72)(elp, + o¥n) ()
Where nr(t)zﬂrr-pr(t) is given by (s). Thus, a measurement of the ratio
1(0)/1é-) s (1/72)(1 ¢+ c:/et)(w /M) (P+N junction)
AR (¢)
=/ + o2selHH M) (N+P Junction)
-3-
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and the decay time:constant tonﬂl/(0:+c;), would give o: and o; directly if

W does not chango appreciably with time or Hoéwm;rwhen NTT“"D‘ If "TT is
comparable to ND (or NA)’ then a correction from HOIH; can be mad; using the
capacitance data. A typical experirental data {s given in Fig.2(a) and (b)
showing slight departure from true exponential due to WaW(t),

III. Optical Cross Sections from Photocapacitance and Photocurrent at o

Low Temperatures .

The optical emission rates.ne: and o;; and- the optical cross sections,
o:-a:(uu)o(uu) and egzo;(nm)o(nw) @here ¢(Yw) is the monochromatic:photon f£lux
;t ¥w, can be obtained readily at low temperatures when the thermal emission
rates are negligible, Under this )ow temperature condition, the results
cdbtained for the high temperature dark capacitance and current transients
given by (1) to (9) are al) applicable here provided that e: is replaced by o: '
and e; is replaced by e;. The waveforms:. of both th; Cz(t) and {(t) transients
are {dentical except that an initial current spike in the dark current transient‘
does not appear here. .

An additional variabile parameter in these Photoexcitations, not available -
in the dark or thermal excitation in section 1I, is the wave length of 1ight,

For an deep level not exactly located at the midgap position, the photon energy -
can be varied so that either o: or e; is made zero, For example, take-: a PeN
gold doped Si junction at 77°K.- The acceptor level is located at BC-ET'O.SH eV
and ET-EV:O.Gi eV. Then with ¥uw=0.58 eV, wve have .:>o while ogzo. Suppose that
the junction iz switched from 0 to -VR reverse bias at 77°K and then monochromatie
1ight with 0,58 eV ia direc%?to the junction., The Junetion capacitance would rise
with a time constant of tonslle: and the ratio of initi{al’ te final value {s
[c(o)/C(-)lel-(NTT/ND) giving the ratio NTT/ND' As the photofenergy is increased

to Ku>ET-Ev. o; becomes nonzero and tontll(o:¢e;). In addition, the capacitance

i T e e
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ratio becomes [C(Q)/C(-)]zctl-(NTT/ND]/[{f(HTT/ND)cgl(e;+on)J. Since N /N, vas
already determined at longer wavelength, both e: and o: can be detormined,
Explicitly, for an acceptor lovel located above midgap such as golﬁ in 84,

we have

(ep/en), = [CC0)/C(=)]] - CC(0)/c(=)12, B a0

where A‘is the wavelength of light with Hw>£T-Bv'whilo A+ is that with
c-ET<Mu<ET-Bv. A typical experimental data showing the feature just described
is given in Fig,3 where the 0,59 eV photoexcitation remove all the electrons
trapped at the gold acceptor level, BC-ET=0.SQ eV, giving a capacitance change
of 6,0-5,220,8 pF while at a shorter wave length of 0,67 eV, photoémission-ofx
boles results in a steady statc trepped electron concentration of nr(~)/N

=g /(c +e %s [6.0 -S 63 ]/(6 0 -S 2 ]=1/2 1 so that e /w 1,1, at’0,67 eV, -

Iv, Optical and Thermal Emission Rates from Photocapacitance and Photocurrent

at High Temperatures .

Three type of initial conditions f?r the trapped charpes, nT(O). can be
employed in this most general case where both thermal and optical emissions must
be included in analyzing the experimental data. These aret (1)the dark steady
atate, (2)the equilidrium and (3)band-impurity photoexcitation at two different

and denoted

intensity levels. (1) was previously proposed/as the impurityphotovoltaic effoct Y
.(2) makesuse of the same initial condition as in sections II and III and provides
oinplification and unique interpretacion of results because of asymmetry between
¢lectrons and holes and (3) can be used to extend the light chopping rate to
nanosecond speed using electro-optics techniques., We shall describe only the
initial condition 1isted under (1), The others are discussed olseghcrc.g! ‘

For the type (1) 1§1t£al condition, we supposce that the on-duration of the
square wave light is wuch longer than the rise time constant, 10“31/(0 +c°¢o;+c°),
then during the turn-on transient by light with junction reverse bias -V_ on at

.
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all time, we have .
€,, .t .t . .
n(0) = NTTep/(en+ep) . (1)
and

Oto)]

"T(') s NTT[(et+e )/(e te_te +e » ¢ (12)

on > Ton
n.r(t) is given by (5) with L =1/(e +a°+et+a°). The oneyedveniipaty. 4
The initial and final values of n. during the turn-off phzse,’920, are juat
thosa given by (11) and (12) interchanged and nT(t) is still given by (5) but
orr=1/(en¢ep).
The capacitance transients during turn-on phase will either rise or decay
depending on the ratio of optical to thermal emission rates, For a P+N diode,
the capucitcance will: (1l)rise if (e /a )<(o /b %. (2)stay constant if (a /a )l(a /a°)
or (3)decay if (at/e )>(e /e )o Q1) and (3) are interchanged during the turn-off
phase. The capacitance transicnts can be used to determine the sum of ;:+a; and
ct#e:+a;¢a; or o°+e; from the turn~on and turn-off time constants., In addition,
a ratio of ep/ep or on/an can be determined \f N, (or N,) and Nyp are determined

from other experiments,

The photocurrent transient can be obtained directly from (8) using (S) and
the initial and final values given by (11) and (12).if the thermal emiséion rates
‘ln (8) are replaced by the total emission rates, cnlat © and ap-o;+ap. The
total current during the turn-on phase {s given by

Lon(t) = (qHA/?)[(a;#a:)pT + (e:+a:)nTJ
= qVAN {t. e)/fe ve )] + 5 (ol e:o:)(on-op)/(a:n;)(onnp)]exp(-t/to“)}
for the zase of constiat W or low NTT compared with N or N

r A*
for arbitrary "TT in a P+IN+ diode operated in tie punchethrough mode so that ¥

This is also valid

is the width of the constant I=)layer,



The turne=off p\aso current can be readlly obtained in the same way and

is obtainod from (13) by interchanging e +o or e with o and op#op or . with’

.t. ° ) ,

P
Due to the abrupt change of the emission rates at ts0 and tstoN when the

*light is twned on and off, photocurrent steps are obtained and denoted by SON

and Sorr es indicated in Fig, 4. These are given by

a 1

Sox QAN W(o 0 + one;)/2(o:+o;) .
and : ) (1)

o,o0.¢t °
Sorr"aANLr H(. o te ep+2o e_)/2(e #cp)

.y

The toral photocurrent transient, excluding the initial step, are denoted by

AO@ and AOPP in Fig., 4, These are given by

o_t . P

boy © =(qAN Wﬂ(onop-o )(c L )/(o )(ounp)
e . (18)

Bopr® =(GANH/2) (el p . p)(.‘-.‘)/u".‘)(. *e)

’ It can be readily shown that|s,/s Nl <1 and IAO}T OPP' < 1, This means
that the initial steps of the turn-on and “urn-off transients must bo greater
than one-half of the total steady state photocurrent: Son 3,53412 and
sort.; 8gg/2. . .

Three shapes of the turn-on and turn-off phasc transients are possible as
illustrated in Fig.u(c). They correspond to positive (+), zero (0) and negative
(=) values of b,, and 8,.r. Only six combinations of the turn-on and turn-off
transient waveforms can exist which are (ON,OFF)s (00), (0+¢), (-0). (++), (==)
and (=+) as i.lustrated by the map shown in Fig, 4(d). In this map, the behavior
of C (t) corresponding to the three cases discussed previously is also indicated.

The me:surements of Ton* Yorr? SSSOHISorr and Asboalhorr can in princiglo
provide enougl information to determine all the four emission rates, o;. o;. o: and

b
11}




o:. However, an ambiguity arises due to Fho complete symmetry of the results
with respect to .electrons and holes and it i{s not possible to distinguish o:
from o' nor e: from e:. However, a determination of the ratio o:/;; by getting
below the threshold of o; or e: or a determination of the ratio e:/e; from dark
current transient described in section II will then allow a complete determiration
of all of the four emission rates unambiguously., It is noted that a.knowlege of
the impurity concentration, "TT’ iz not required.
¢ Typical resultsof the photocurrent transient showing the predicted
fcatﬁrcs of currént steps and-either !nitial rise or decay after the step ;ro
given in Fig, 5. This was taken.on a gold doped silicon PIN diode and the
’ photoresponse comes from the g0ld acceptor level locatad at zc-nT-o.su eV,
v. Experimental Results
Experimental results are obatined for the gold centers in silicon using
the methods just described. The gold impurity has two energy levels in the band
gap of silicon whose thermal activation energies aro:Tﬂacceptor level, zc-zAu_-o.su (14
and donor level, LAu*-nv-o.as eV.Ej The thermal emission rato; of electrons and
'holes at the acceptor 2ovel, 0:1 and 0;0, and the thermal emission rate of holes x"
at:the donor leve), .;-1' are determined by the dark capacitance and current
trariients described in section II. These are graphed as sdlid dots and triangles
“ in Fiz.h. The thermal rates at the acceptor level were also obtained from the
high temperature photocurrent experiment cescribed in’'IV end are shown as circles,
o;:i cannot be determined from the phctocurrent experiment descr.ved since the ~v.
donor level is inactive during the transient. The electron emission rate from th’
donor level, °:o' is too slow tc be measured -in all of these experiments.
Data from other experiments are also shown in Fig, 6. The pulsed field

offoctééata are shown as-d and the noise cornor frequency dateﬁfrh’-thwn'-as @ .
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The optical cross sections are cbtained from either the low temperature
~photocapacitance transisent shown in séction IXI or the photocumsxt transients shevp
discussed in section IV, These are shown in *ig, 7. Tne data are taken at

about 100°K andessentially independent of temperature ad indicated by data at
188°K at 1,60 microns.
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Caption of Figures

L4

1. The dark capacitanco*transient-unveformrof:qsgdld:dopéd!sildcon P+N.-4unction,
(a)x~y recorder trace and (b)AC vs time chowing true oxponontiai decay.

2, The dark current tran;ient waveform of a gold doped silicon P+N junstion.
(a)x-y recorder trace and (b)ai vs time showing initial- nonexponential

decay due to WaW(+),

3. Low temperature photocapacitance transient waveform at the gold acceptor
1 . center in a gold dopad silicoq P+N diode., Curve labeled 0,59 oV corresponds
' to optical excitation of electrons only while that of 0.67 aV contains both
: optical uxcitation of electrons and holes at the'gold center of Bc-Br-o.Su aV
“and ET-EVUO.62 eV, _
! 4. The waveforms (a), (b) and (e) of the high temperature phatocurrent
transient with VRIVR(t). Part.(d) shows that map relating the wave form in

b

..t t  0,t o, ¢
(c) to the ratios-?ﬁlfp,"op/ep ind e /9.

4 J . .. Se Examples of experimental traces of the photocurrent waveform due to the gold .

acceptor level in a silicon PIN diode,

{ 6. Experimental data of emission rate vs temperature.from experiments described in
- sections II and IV and from small signal pulsed field effect-Q and from ger
noise data(:)(

7. Photoionization cross sections of electrons and holes at the gold acceptor
center and gold donor center in silicon at about 100°K, The data of o:_l of the
gold donor level are obtained from the low temperature photocapacitance

' method descridbed in section III and the data of ogo and °:1 are obtained from

. the high temperature photocurrent method described in section IV,
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